The focus of this paper is on the signiˆcant role of several soil-cement-mixing technologies employed in TransTokyo Bay Highway project. The two major issues are the large scale improvement of existing soft clay deposits by cement-mixing in place controlling the strength, and the construction of large oŠshore embankments by the underwater placing of slurry type cement-mixed sand at the ramp sections controlling the strength and density, and dry type cement-mixed sand at ‰at places of one of the man-made islands. These issues are described in relation to the construction of the world's largest diameter shield tunnels and a huge oŠshore diaphragm wall. A new method to determine the design strength of cement-mixed soil for limit equilibrium stability analysis was developed based on CD and CU triaxial test results. Advanced laboratory stress-strain tests contributed greatly to the geotechnical design and construction control. The importance of accurate measurements of small strain in triaxial tests to obtain relevant design parameters is emphasized. The strength and deformation characteristics of cement-mixed soil encountered in this project are summarized. It is shown that they are comparable with those of natural sedimentary soft rocks which support a number of important heavy infra-structures allowing a limited amount of ground deformation.
INTRODUCTION
The Trans-Tokyo Bay (TTB) Highway is a 15.1 kmlong toll highway ( Fig. 1(a) ). Two 9.5 km-long shield tunnels start from Ukishima Access on the Kawasaki side, pass through Kawasaki man-made island and end at Kisarazu man-made island, connected to a 4.4 km-long bridge extending to Kisarazu city ( Fig. 1(b) ). Along the route, the largest seabed depth is about 30 m while the ground condition is generally very poor (Fig. 2) . In particular, the surface layer at the west side is a thick deposit of very soft Holocene marine clay (Ac1). A feasibility survey in terms of economics and civil engineering technology started in 1966. In August 1976, the Japan Highway Public Corporation took over the investigation work from the Ministry of Construction, the Japanese Government. In May 1983, the Japanese Government approved the construction. In October 1986, the TTB Highway Corporation was established. In May 1989, construction started. The improvement of soft clay deposits by the sand compaction pile (SCP) method and the deep mixing method (DMM) at Ukishima Access and the Kisarazu man-made islands started in August 1989. In December 1997, construction was completed and, on the 18th of December 1997, the highway was opened to the public.
The present structural form ( Fig. 1(b) ) was adopted for the following reasons. Firstly, at theˆnal stage of the planning, the largest diameter of shield tunnels reached 11.2 m in another project. The construction of shield tunnels with a diameter of 13.9 m with a long tunnel drive planned for this project had come to be considered technically feasible. Secondly, the construction of such a large diaphragm wall, 98 m in internal diameter and 119 m high with the bottom end at a sea depth of TP-114 m, at Kawasaki man-made island became technically feasible after several similar cases along the sea shore of the Tokyo Bay. Thirdly, the structure was not likely to interfere with the extremely heavy shipping routes crossing the highway route during or after construction. The shipping ‰ow over the planned route October 1990 was 1,400 vessels per day with 90z of this tra‹c passing between the Ukishima Access and Kisarazu man-made island. Compared with bridges and submerged tunnels, the shield tunnels do not occupy the sea surface during and after construction. The excavation of the seabed for submerged tunnels is not environmentally favorable. Fourthly, there were actually three tunnels planned, so it is feasible that the third and last tunnel will be constructed in the future if it becomes necessary. It is not the case with submerged tunnels.
The construction of TTB Highway became feasible by employing several types of cement-mixing technologies, including: 1) the large scale improvement of existing soft clay deposits by cement-mixing in place controlling the strength; 2) the construction of ramp sections at the Kisarazu man-made island and Ukishima Access by plac- (Uchida et al., 1993) 786 TATSUOKA ing a slurry type cement-mixed sand controlling the strength and density under water; and 3) the construction of ‰at places of Kisarazu man-made island by placing under water dry type cement-mixed sand. The four types of cement-mixing technologies used are listed in Table 1 .
Among them, the bottom three techniques were newly developed for this project. The total volume of cementtreatment work reached about 3.77 million m 3 . In this paper, several issues of design and construction of these cement-mixing technologies are reported in relation to Table 1 . Cement-mixing techniques used for the TTB Highway project (Uchida et al., 1993) Cement-treatment method Mixing proportion Construction site Volume; 1,000 m the construction of the shield tunnels and the diaphragm wall.
BASIC ISSUES OF CEMENT-MIXED SOIL

Allowable Stress Method Based on Unconˆned Compression Strength
At the initial design stage, the allowable stress method, which had been used in routine design, was employed to examine the seismic stability of existing soft clay deposits improved by the DMM andˆll embankments of slurry type cement-mixed sand. In this method, a given mass of cement-mixed soil is treated as a mass of un-steel-reinforced weak concrete and its performance is evaluated by comparing working stresses, usually evaluated by the elastic theory, with the allowable stress, which is usually speciˆed to be equal to 1/6-1/5 of the unconˆned compressive strength, qu. This very small fraction of qu is based on the observation that a cement-mixed soil specimen fails in a very brittle manner, exhibiting essentially zero residual strength, in the unconˆned compression test (U test). In this project, this analysis showed that the working stress would largely exceed the allowable stress in many large zones of cement-mixed soil.
However, it was considered that, although the allowable stress method would be relevant when failure occurs in a relatively small mass essentially under drained conditions with zero or very low conˆning pressure, like in the U test, this method is not realistic and too conservative for this project. In this project, cement-mixed soil masses are subjected to large conˆning pressure located in the ground deep below the sea surface. In this case, the eŠect of the conˆning pressure could be signiˆcant. Moreover, as the cement-mixed soil has a low hydraulic conductivity, large cement-mixed soil masses would deform nearly undrained under seismic loading conditions, although it may deform drained under long-term static conditions. The eŠects of the drainage conditions on the stress-strain behaviour would be signiˆcant. If so, the eŠects of initial pore water pressure (i.e., hydrostatic pressure in theˆeld) on the undrained stress-strain behaviour would be important. This consideration was based on the data shown below.
Stress-Strain Properties in Triaxial Compression (TC)
At the early stage of design, a series of U and TC tests was performed at an axial strain rate of 0.06z/minute on saturated un-cement-mixed and cement-mixed specimens of soft clay prepared in the laboratory (Tatsuoka and Kobayashi, 1983) . The un-cement-mixed specimens of clay (Gs＝2.65, wL＝100z; and wP＝46z) were produced by the one-dimensional consolidation of slurry with a water content of (w)＝150z at a vertical stress of 59 kPa for several weeks. The cement-mixed clay specimens were prepared by pouring slurry (w＝120z) into a split mold. The top and bottom ends of the specimen (5 cm in diameter and 10 cm high) were lubricated. The axial strains were measured externally from the vertical displacements of the loading piston. The results showed that the eŠective conˆning pressure and drainage conditions would have a signiˆcant eŠect (see Fig. 3 ). In the U test, the residual strength is practically zero. On the other hand, in two CU TC tests (denoted as C and D) in which sc ?＝0 and 20 kPa, the post-peak residual strength is very large due to development of high negative excess pore water pressure by positive dilatancy property, showing very ductile behaviour, unlike the U test. In two CD TC tests (A and B), the residual strength highly depends on sc ?, due to a high residual friction angle at low eŠective conˆning pressure (cf. Fig. 5(a) shown later). In the CD TC test (A), in which sc ?＝0 like the U test, the residual strength is not negligible, which is due to the small amount of rubber membrane force. Figure 4 summarizes the peak strengths of normally consolidated uncemented clay and the same type of clay mixed with cement at diŠerent cement/clay ratios by weight (aw). The same peak strength envelop in eŠective stresses is relevant to the CD and CU TC tests for the respective aw values. It is also the case with the residual strength envelope (Tatsuoka and Kobayashi, 1983) . These data tell us that the specimens were essentially fully drained in the CD tests. Moreover, the dependency of qpeak on``the eŠective conˆning pressure s3 ? at failure'' deceases only slightly with aw. These test results indicate that the U test is not . Peak strength envelops from U tests and CD and CU TC tests on uncemented and cement-mixed clay specimens (Tatsuoka and Kobayashi, 1983) representative of theˆeld behaviour in which sc ? is not negligible. At the same time, by taking advantage of these normalised relations (Figs. 5 and 6 shown below), the approximate drained and undrained peak and residual strengths can be estimated from a given qu value.
A New Design Strength Criterion
In the geotechnical stability analysis of a soil mass, the limit equilibrium-based stability approach is usually employed. A design shear strength smaller than the peak strength is used in this approach, because the failure of soil mass is more-or-less progressive in that the peak strength at each point along a given failure plane is not mobilized simultaneously. The design shear strength should be speciˆed to be closer to the residual shear strength as the post-peak behaviour becomes more brittle and as the failure plane becomes longer and/or more curved. This approach was adopted for the stability analysis of the cement-mixed soil masses in this project while taking into account the following speciˆc features learned from the U and TC tests described above. Firstly, the failure of a huge cement-mixed soil mass would be highly progressive and the operating strength would be close to the residual strength along the whole failure plane. Secondly, the residual shear strength noticeably increases with the eŠective conˆning pressure, while being strongly controlled by drainage conditions. Thirdly, it is relevant to assume that the drainage conditions with a submerged mass of cement-mixed soil is`fully drained' in long-term stability analysis and`fully undrained' in seismic stability analysis. Figures 5 and 6 show the qres/qu-sc ?/qu relations under drained and undrained conditions for diŠerent aw values. In Fig. 6 , the q peak /q u -s c ?/q u relations are also presented for reference. The drained residual strength strongly depends on the eŠective conˆning pressure sc ?, while the drained qres/qu-sc ?/qu relation is rather unique for the diŠerent aw values. On the other hand, the undrained residual strength is very high, indicating highly ductile behaviour, unlike the U test. Furthermore, for the diŠerent aw values except for aw＝20z (which was much higher than those adopted in this project), the undrained qres/qu value relation is independent of sc ? when sc ?/qu is smaller than about 0.8. Figure 7 illustrates these features. The values of sc ?/qu encountered in this project are within the range denoted by letter A, where the eŠect of the drainage condition increases signiˆcantly with a decrease in the initial eŠective stress.
The CU tests described above were performed with su‹ciently high initial pore water pressure u0. It was necessary to properly evaluate the eŠects of u0 (i.e., the hydrostatic pressure in theˆeld) on the undrained residual strength, in particular, of slurry type cement-mixed sand (Table 1 ) located at shallow sea depths where u0 is relatively low. That is, the undrained residual strength is proportional to the eŠective minor principal stress at the residual state, (s3 ?)res, obtained as:
The lowest possible value of the pore water pressure, (u)res at the residual state, which is negative (i.e., smaller than the atmospheric pressure) due to a dilative trend, is -98 kPa, which means that the maximum (s3 ?)res value possible at the residual state is sc＋98 kPa (i.e., line B-B in Fig. 8 ). The data from CU TC tests on specimens of Relationships between the eŠective minor principal stress at the residual state and the initial total conˆning pressure of slurry-type cement-mixed sand from CU TC tests (Hashimoto et al., 1994) slurry type cement-mixed sand (Table 1 ) prepared in the laboratory and core samples from a large scaleˆeld test, both with the same mixing proportion, are plotted in Fig.  8 . The lowest value of (u)res observed in these tests is about -50 kPa by a premature start of cavitation due to gas bubbles dissolved in the samples. In the design, ures＝ 0 (line A-A) was assumed for a conservatism. Then, Eq.
(1) means that (s3 ?)res increases proportional to the initial total conˆning pressure, sc (＝sc ?＋u0). That is, with the same sc ?, (s3 ?)res increases with an increase in u0, which means that, for the same depth in a given mass from its crest, the undrained residual shear strength, which is essentially proportional to (s3 ?)res, increases with sea depth. This trend can be seen with the data when sc is relatively low in Fig. 8 . At the same time, the value of (s3 ?)res has an upper-bound, controlled by the intrinsic dilatancy properties of the material. Based on the above, the design shear strength was determined as follows: a) Drained shear strength (tf)d to be used for long-term stability analyses:
(tf)d＝(s0 ?＋Ds?)･tan q? res (2) where s0 ? is the initial value of the eŠective normal stress, s?, along the potential failure plane; Ds? is an increase in s? during drained loading; and q? res is the residual angle of internal friction. With the slurrytype cement-treated sand, the design value of q? res was determined conservatively to be 409with c?＝0. b) Undrained shear strength (tf)u to be used for seismic stability analyses: where t1 is the undrained residual shear strength according to Eq. (1); and s0 is the initial total normal stress. That is, by assuming conservatively that (u)res ＝0 (line A-A in Fig. 8 ), the value of (s3 ?)res becomes equal to the conˆning pressure s c in the TC tests on isotropically consolidated specimens. The use of t1 is relevant at relatively shallow sea depths in submerged cement-mixed soil masses. t2 is the undrained residual shear strength controlled by aˆxed eŠective normal stress at the residual state, (s?) res *, which is the intrinsic value of a given material under given conditions. The use of t2 is relevant at relatively large sea depths. In this case, the value of (s?)res* is equal to 200 kPa for the slurry type cement-mixed sand, independent of s 0 ? (＝s c ? in the TC tests on isotropically consolidated specimens) (i.e., horizontal line C-C in Fig. 8 ). If s0 ? becomes larger than a limit above which the cement-mixed soil exhibits noticeable yielding during consolidation, (s?)res* increases with s0 ?, as represented by an inclined relation in Fig. 6 . Theˆrst beneˆt of the new method is that the drained residual shear strength (Eq. (2)) increases with depth from the crest of a given mass of cement-mixed soil in the limit equilibrium stability analysis. Then, it becomes possible to duly ensure su‹ciently high long-term stability of a huge mass of cement-mixed soil. Secondly, in this project, as the initial eŠective stress state is within the zone denoted by letter A in Fig. 7 , the undrained residual shear strength becomes larger than the corresponding drained residual shear strength. Then, it becomes possible to duly ensure a su‹ciently high seismic stability, unlike the allowable stress method. The revision of the design method described above was one of the important technical steps thatˆnally made it possible to adopt ground improvement techniques by cement-mixing in this project.
Another considered design factor was that the cementmixed soil should not yield in a large scale under essentially drained conditions. Figure 9 summarizes the yield stress, q y , divided by the corresponding q u value plotted against sc ?/qu of the cement-mixed soft clay from the CD TC tests (Fig. 5 ). Below the yield loci denoted as Y1, the cement-mixed soil would not show signiˆcant inelastic strains. Yield locus Y1 is schematically depicted in Fig. 7 . It was conˆrmed that the cement-mixed soil would not exceed yield locus Y1 at any moment during and after construction in this project. Recent experimental studies on cement-mixed soft clay and well-graded gravelly soil conˆrmed this shape of yield locus Y1 (Sugai and Tatsuoka, 2003; Ezaoui et al., 2010) . Yield locus Y2 is formed by yielding when the eŠective stress state exceeds yield locus Y1 during isotropic compression and then curing for some period at theˆnal consolidation stress state. This did not take place in this project.
Small Strain StiŠness
The deformation of the ground andˆlls and structural displacements by design seismic loads were evaluated by equivalent linear FEM analysis accounting for the straindependency of the stiŠness and damping (Uchida et al., 1993; Tatsuoka et al., , 2000 . To this end, the stressstrain properties of cement-treated soils were evaluated basically by triaxial compression (TC) tests and cyclic triaxial tests on specimens prepared in the laboratory and core samples from testˆlls. The core samples from construction sites were also tested for conˆrmation. To evaluate accurately the stiŠness at small strains, the axial load was measured with an internal load cell while the axial strain was measured with a local deformation transducer (LDT) (Fig. 10) (Goto et al., 1991) . A typical result from a CU TC test on a core sample isotropically reconsolidated to theˆeld vertical stress s? v0 (in-situ) is shown in Fig. 11 . The sample (5 cm in diameter and 10 cm high) was at a curing time (tc)＝300 days, obtained by rotary core tube (RCT) sampling from a cylindricalˆll between the outer and inner steel jacket structures of Kawasaki man-made island (shown in Fig. 26 ). It may be seen that the axial strain is largely overestimated when based on ax- ial displacements of the loading piston (as denoted by`external') due to bedding error (mainly by extra compression in disturbed loose zones at the specimen ends formed during trimming). In most of the U and TC tests on cement-treated soil performed before this investigation, the axial strain was measured externally and, therefore, the stiŠness was largely under-estimated. It was learned from this project that the triaxial test method shown in Fig. 10 is indispensable to evaluate accurately the stiŠ-ness of cement-treated soil at small axial strains.
SLURRY TYPE CEMENT-MIXED SAND
Investigation at Design Stage A new ground improvement technique using slurry type cement-mixed sand was developed to construct submerged embankments at the ramp sections of the Ukishima Access (Fig. 12 ) and the Kisarazu man-made island (Fig. 13 ) and a cylindricalˆll of Kawasaki man-made island (Fig. 26, shown later) . A comprehensive series of eld and laboratory geotechnical investigation were performed to determine the mixing proportion of the slurry and construction details (Tatsuoka and 14) were obtained from the testˆlls. Figure 15 shows results from a typical CU TC test. The inset in Fig. 15(a) shows an enlargedˆgure for the q＝0-0.3 MPa range. Figures 16(a) and (b) give a summary of typical test results. The trends seen from theseˆgures are basically the same with those seen from Fig. 3; i.e., very ductile behaviour with small eŠects of consolidation pressure when sheared undrained; signiˆcant eŠects of consolidation eŠective stress at large strains when sheared drained; and so on. This fact reconrmed the relevance of the design method (i.e., Eqs.
1-3).
At the beginning stage of design, there was concern that eŠects of sample size may be signiˆcant on the stressstrain behaviour due to a high non-homogeneity in thê lls of slurry type cement-mixed sand caused by strong segregation during underwater placement. To determine whether or not this was the case, a comparison was made of the stress-strain relations from CU and CD TC tests using small and large core samples at similar curing times obtained from the same testˆll (Figs. 17(a) and (b) ). In the plots shown in theseˆgures, externally measured axial strains of up to 4z are used, as the maximum axial strains measurable with LDTs are about 1z. It may be seen that the scale eŠect on the peak strength is very small, if any. The diŠerence seen between the externally measured axial strains in the pre-yield regime is due to the eŠects of bedding error, which increase with a decrease in the specimen size. It may be seen from Fig. 18 that the bedding error eŠects are signiˆcant with small samples. On the other hand, the E0 values based on local axial strains measured at similar curing times of these small and large samples are very similar (Fig. 19 ). This result indicated that the scale eŠects on the strength and deformation properties of full-scale prototypeˆlls were insigniˆcant and the parameters from laboratory stress-strain tests using representative small samples could be reliably used in the design. Figure 20 compares the elastic Young's modulus, E0, at axial strains less than about 0.001z and the so-called initial Young's modulus, Einitial, deˆned as the tangential slope of the apparently linear relationship between the deviator stress and the externally measured axial strain (cf., Figs. 11 and 18 ). The data plotted in Fig. 20 were obtained from CU TC tests on small samples (5 cm in dia. and 10 cm-high) prepared in the laboratory and core samples from Kawasaki man-made island. Despite that Einitial is often called``the static elastic Young's modulus'' and is used to predict ground deformation and structural displacement, these values are substantially smaller than the respectively corresponding E0 values. This is due to; a) the signiˆcant eŠects of bedding error; and b) the fact that these Einitial values are deˆned at a relatively large strain. The Einitial values from the U tests are quite low. Figure 19 summarizes the values of E0 and Einitial from TC tests on core samples from the testˆlls. Although the E0 value is rather constant for a wide range of eŠective consolidation pressures sc ? (≦250 kPa), the Einitial value increases signiˆcantly with sc ?. This is, however, a false result attributable to the decrease in the bedding error in externally measured axial strains with sc ?. The E0 value is of the order of 3 GPa, which is larger by a factor of ten than the Einitial values at sc ?＝50 kPa. The largest major principal strain in the masses of cement-mixed soil by the earthquake response analysis (explained below) was of the order of 0.05z (5×10 -4 ). The secant modulus Esec at this axial strain is still similar to the E 0 value. Therefore, this Esec value is substantially larger than the corresponding Einitial value. This indicates that the use of these Einitial values considerably over-estimates the deformation of the masses of cement-treated soil. Based on the analysis using E 0 (G 0 ) while taking into account the strain-nonlinearity (shown in Fig. 21 ), conˆdent use of the ground improvement techniques (Table 1 ) became possible in this project. Figure 21 shows the relationships between the secant shear modulus, G sec ＝t/g, and the shear strain, g＝e 1 -e 3 , from monotonic loading TC tests and between the equivalent shear modulus, Geq＝tSA/gSA, and the single shear strain amplitude, gSA, from cyclic triaxial tests, both using large core samples (30 cm in diameter and 60 cm high) of slurry type cement-mixed sand from the fullscale testˆll. The same values of the elastic shear modulus, G0, at very small strains from these tests are nearly the same. Moreover, when based on the locally measured axial strains, the stress-strain behaviour is highly linear at shear strains up to about 0.01z while the non-linearity at larger shear strains is essentially the same under monotonic and cyclic loading conditions. In this project, a series of earthquake response analyses of several planned full-scale structures consisting of cement-treated soil masses were performed using these G-g relations.
It may be seen from Fig. 18(b) that the stress-strain behaviour at small strains is highly linear and reversible. In Fig. 21 , the G0 value is nearly the same as the shear modulus, Gf＝rtV s 2 from the in-situ shear wave velocity Vs, where rt is the total density. Correspondingly, in Fig.  19 , the E0 values are very similar to the Young's modulus, Ef＝2(1＋nundrained)rtV s 2 . It was conˆrmed that the eŠects of curing period from 30-213 days on Ef＝E0 values are insigniˆcant . These results indicate that the statically and dynamically measured elastic modulus values are essentially the same, as they are with natural stiŠ geomaterials (e.g., Tatsuoka et al., 1999) . Also, based on this data, and with a known ratio qpeak/E0 of approximately 1,000 (as explained later), the distributions of peak strength qpeak in the full-scaleˆlls of cementmixed soil were inferred from the E f values (or G f values) measured in-situ, as described later.
Mixing Proportion
At the design stage, the mixing proportion of slurry type cement-mixed sand was determined as; sand 1,177 kg, seawater 520 kg, cement 80 kg and clay 110 kg for 1.0 m 3 (Table 1) , based on the results from laboratory and eld tests described above and others so that the following requirements are satisˆed. Firstly, the total unit weight, g t , is greater than 1.85 gf/cm 3 so that the weight of theˆll overlying the tunnels can eŠectively resist the buoyant force of the tunnels during and after construction. Therefore, sand, rather than clay, was selected as the base material. Secondly, the average compressive strength of the material should be larger than about 0.6 MPa to ensure a su‹cient stability of cutting face during tunneling work, while a strength of lower than about 3 MPa was preferred for smooth tunnel excavation. As a compromise, the design compressive strength at a curing period of 28 days was determined to be 1 MPa. The strength of the material was controlled mainly by adjusting the amount of cement. Thirdly, the segregation of the components of the slurry during underwater placement is as low as possible so that the stress-strain and hydraulic properties of the placed material do not largely deteriorate and the seawater is not polluted during placing. To this end, the bottom end of each Tremmie pipe was controlled so that it was located immediately below the transient surface of the placed material to avoid the free falling of slurry in the seawater (Fig. 22) . To reduce the segregation, the hydraulic conductibility of the slurry was reduced by adding an appropriate amount of clay. At the same time, the hydraulic conductibility of the solidiˆed material encountered at the cutting face during shield tunneling work needed to be lower than 0.01 cm/sec so that the pressurised mud slurry would not penetrate into theˆll made of this material. These requirements were satisˆed by adding clay particles. Fourthly, the slurry is not very viscous to ensure smooth pressurised transportation through the pipes from a slurry production plant toward the Tremmie pipes and also to achieve smooth levelling oŠ when being placed underwater (Fig. 22) . The viscosity was controlled mainly by adjusting the water content. Lastly, the cost of the material is reasonably low. To this end, no chemical anti-segregation adhesive was used due to the expense, although its use is very eŠective in restraining segregation. Theˆll embankments at Ukishima Access (Fig. 12) and Kisarazu man-made island (Fig. 13) were constructed using 351,000 m 3 of slurry type cement-mixed sand during the period from August to December 1993 and 1,028,000 m 3 during the period from July 1992 to February 1994 (Fig. 22) . This material was produced in an oŠshore mixing plant installed in a 104 m-long vessel of 16,500 tonf with a production capacity of a volume of 450 m 3 per hour of the material. The produced slurry was placed underwater using a total of 20 Tremmie pipes. Using this system, about 6,000 m 3 was placed per day, producing one mound each half day.
The properties of the placed material were controlled on site during the placement by regularly performing U tests on samples (5 cm in dia. and 10 cm high) prepared by pouring into empty moulds the slurry immediately before sending to the Tremmie pipes. The data points of hollow triangle in Fig. 23 denote the qu values and the total densities from these control tests. At the initial stage of the underwater placement work, the strength of the material placed underwater was examined on site as follows. The slurry that had ‰owed into small tubes with a diameter of about 10 cm attached near the bottom end of a Tremmie pipe was retrieved when the Tremmie pipe was pulled up above the sea level. Then, U tests were per- formed on the samples obtained from the tubes and trimmed to a diameter of 5 cm and a height of 10 cm (the data points of these samples are denoted by the symbol * in Fig. 23 ). The strengths and total densities of these samples were much lower, (by a factor of about 0.5 with the strength, than those obtained by the control tests (i.e., the data points of hollow triangle). Based on these results, the reduction in the strength and density was considered likely to be because the degree of segregation of the slurry material during underwater placement was more than anticipated, so the decision was made to increase the cement content from the original design value (80 kgf/m 3 ) to 100 kgf/m 3 ( Table 1 ). Soon after the construction was completed, the strength and deformation properties of theˆll material were evaluated by performing U and CU TC test on core samples retrieved from the bore holes at Ukishima access (Fig. 24) . In the CU TC tests, the core samples were isotropically consolidated to the respective values of s? v0 (in-situ). The strength values corrected to tc＝28 days are plotted in Fig. 23 . Most of the compressive strength of the core samples are noticeably higher than the design upper limit, equal to 3 MPa.
This unexpected high strength is due likely to the following factors. Firstly, the increase in the cement content was very likely unnecessary (Table 1) . It seems that the material retrieved from the small tubes had largely segregated when the slurry ‰owed into free water existing inside the small tubes to a much larger extent than that during the actual full-scale placement. Secondly, the strength of the core samples tends to increase with depth, becoming noticeably larger than the values from the control tests (the data points of hollow triangle). This would be due partly to the consolidation of the placed material due to its self-weight and the eŠects of accumulated heat by the hydration of cement, which should be larger at larger depths. There was no previous case history of such underwater placement of this slurry type cement-mixed sand to a total thickness of about 20 m for a relatively short duration as performed in this project. Therefore, this factor could not be anticipated in advance.
Fortunately, no serious problems due to this unexpected high strength of the slurry type cement-mixed sand were caused in the shield tunneling work. Furthermore, this high average strength covered relatively low strengths in several zones, as indicated by relatively low elastic Young's moduli (Figs. 25(a) and (b) ). In theseˆgures, the Ef values from shear wave velocities measured by the cross-hole seismic surveys in the bore holes at Ukishima Access (Fig. 24) are presented, together with the elastic Young's moduli (based on locally measured axial strains), E0, and the initial Young's modulus (based on externally measured axial strains), Einitial, from the CU TC tests (cf. Fig. 18 for a typical test) . The E0 values are close to theˆeld values, Ef, while the Einitial values are substantially smaller.
In this project, the slurry type cement-mixed sand waŝ rst used to construct a cylindricalˆll with an inner diameter of 88 m, a thickness of 13 m and a height of 33 m between the outer and inner steel jacket structures at Kawasaki man-made island (Fig. 26) . The design minimum compressive strength at tc＝28 days was 0.8 MPa.
Inside the cylindricalˆll, a huge cylindrical RC diaphragm wall with an inner diameter of 98 m, a thickness of 2.8 m and a depth of 119 m was constructed. At the internal face of the diaphragm wall, a RC inner wall was constructed. A number of core samples were retrieved from three bore holes made in theˆll and down-hole PS logging was performed in the bore holes. U and CU TC tests and cyclic triaxial tests (CU) were performed on the core samples at curing days of 28-91 days to evaluate the strength and strain level-dependent stiŠness and damping. The E0 values from the triaxial tests are very similar to the Ef values ( Fig. 27(a) ), which is consistent with the data presented in Figs. 19 and 25. The measured strength met the design value (Fig. 27(b) ).
DRY TYPE CEMENT-MIXED SAND
At the initial design stage, the plan was toˆll the space (volume 435,000 m 3 ) at the ‰at part at Kisarazu manmade island (Fig. 13) with Sengenyama sand and compact it by the sand compaction pile (SCP) method. This sand, obtained from Pleistocene deposits at an inland site near the Tokyo Bay, includes someˆnes, typically 2-3z. However, this construction method was eventually abandoned for the following reasons. Firstly, the results from a series of cyclic undrained torsional shear tests on this sand (Tatsuoka et al., 1982 (Tatsuoka et al., , 1986 showed that it would be necessary to compact the sandˆll to a relative density of higher than 85z to prevent the liquefaction of the sandˆll by the design earthquake motion. It could not be conˆrmed that the sandˆll could be compacted to such a high density. Secondly, there was a need for the construction period to be as short as possible so that the ground surface of the ‰at part could be used as a yard for subsequent construction works. A new method using dry type cement-mixed sand (Table 1) was proposed, in which sand under slightly wet natural conditions is mixed with cement in air and then with anti-segregation liquid chemical adhesive immediately before dumping underwater (Fig. 28(a) ).
This new method had to satisfy the following requirements: 1) theˆll had to be able to safely support the building structures to be constructed on it; 2) the settlement in theˆll during earthquakes had to be very small; and 3) the earth pressure activated to the steel sheet pile cell structures had to be kept small. To meet these requirements, the minimum design compressive strength was determined to be 0.4 MPa, which is much lower than the value required for the slurry type cement-mixed sand used to construct the ramp sections. A large-scale underwater placement test was performed and a number of laboratory stress-strain tests were performed using block samples from the testˆll Tatsuoka et al., , 2000 . Based on the test results, typically presented in Figs. 29 and 30 , and despite that the stress-strain properties of the dry type cement-mixed sand are much more inferior than those of the slurry type one, meeting the requirements was considered feasible.
The mixing proportion of the material was determined as listed in Table 1 . With this method, the quality of the placed material depends largely on the details of the underwater placement method. A special double-tube chute was developed so as to minimize segregation of the material during underwater placement (Fig. 28(b) ). The bottom end of the outer tube is in contact with the transient surface of the placed material. To make the water circulate as much as possible inside the chute, the seawater pushed out by the material dumped from the bottom end of the internal tube is forced to move up in the space between the outer and internal tubes and then is sucked into the top part of the internal tube. In this way, the spreading of the dumped material is eŠectively re- from laboratory tests on core samples, Kisarazu man-made island strained and the pollution of the surrounding seawater is kept to a minimum. It may be seen from Fig. 31 that the E0 values by CU and CD TC tests, cyclic triaxial tests and ultra-sonic wave tests on core samples from the constructed embankments are very similar to the Ef values by the cross-hole method, while showing satisfactorily high stiŠness values, and therefore high compressive strength.
LOW STRENGTH-TYPE DMM
Among the requirements for the backˆll material listed in the section on slurry type cement-mixed sand, requirements 2), 4) and 6) were also essential for the Deep Mixing Method (the DMM) used to improve the existing Holocene soft clay deposit that would support theˆlls retaining the shield tunnels at Ukishima Access (a volume of 289,000 m 3 ; Figs. 12(b) and (c)), Kawasaki man-made island (Fig. 26) and Kisarazu man-made island ( Fig.  13(c) ). The ordinary type DMM had been used extensively in Japan to improve soft clay deposits down to considerable depths, in which the strength of the treated clay is usually designed to be about 4-6 MPa or more at 28 days. The decision was made to control the compressive strength in this project to be equal to 0.6-3 MPa with the average equal to 1.0 MPa at tc＝28 days to meet the strength requirements. This method was therefore called the low strength type DMM. To this end, as listed in Table 1 , about half the amount of cement ordinarily used was considered su‹cient. At the same time, a relatively high w/c ratio was chosen so that the amount of cement slurry would not decrease because of a reduction of the amount of cement to ensure homogeneous mixing of clay deposit with cement slurry. The design area ratio of the improved soil to the original clay was nearly 100z (i.e., 99.44z). With the ordinary type DMM, a high w/c equal to 100z was also used for the same reason as described above. Figure 32 shows a typical proˆle of the clay deposit improved by the low strength-type DMM at Ukishima Ac- cess. The original marine soft clay deposit down to a depth of 40 m had a plasticity index of about 35-53, a high natural water content, wn, and a low total density, r t . Although the q u values increased substantially due to this ground improvement work, the values scattered considerably and many of them were close to the speciˆed lower bound, 0.6 MPa at tc＝28 days. On the other hand, the qpeak values from CU TC tests with sc ?＝s? v0 (in-situ) (data denoted by symbol x) met the requirements while showing a much smaller scatter. As such, the qu values, in particular those at deep places, were not considered reliable due to the relatively large sample disturbance, while the low strength-type DMM were considered capable of satisfying the strength requirements.
SUMMARY OF STRESS-STRAIN PROPERTIES
Small Strain StiŠness Figure 33 summarises the E 0 -E f relations of cementmixed soil obtained from this project. The agreement between the E0 and Ef values is best with the clay deposit improved by the ordinary type DMM at Kawasaki manmade island. Only in this case, the least disturbed core samples were retrieved by direct coring (DC) from the deposit exposed by excavation. In the other cases, the core samples were obtained by the rotary core tube (RCT) sampling. These RCT samples were more-or-less disturbed and it is very likely that many of the E0 values of the RCT samples underestimate theˆeld values (i.e., Ef). That is, among the RCT samples obtained from the embankment of slurry type cementmixed sand at Kawasaki man-made island, only those that could be judged to be least disturbed based on the shape of stress-strain curve exhibited the E0 values similar to the respective Ef values. On the other hand, the RCT samples from the clay deposits improved by the low strength-type DMM exhibited the E0 values generally much smaller than the respective Ef values, due likely to relatively high sample disturbance. Figure 34 shows the pairs of the elastic shear modulus, G0, from the E0 values using an appropriate undrained Poisson's ratio obtained by triaxial tests locally measuring the axial strains and G f ＝r t V 2 S fromˆeld seismic surveys of sedimentary soft rocks, cement-mixed soils and Pleistocene clays. These data were obtained in relation to several construction projects in Japan, including those presented in Fig. 33 . The triaxial tests were performed under CU conditions, except for several CD tests described in Fig. 33 , for which drained Poisson's ratios were used to convert E0 to G0. For each data point, the average values of several G0 values from a set of TC tests performed under similar conditions are plotted against the corresponding value of Gf. The G0 values are generally similar to the respective values of Gf, particularly with less disturbed core samples obtained by block sampling (BS) and direct sampling (DS). On the other hand, the G0 values of the RCT samples scattered relatively largely with some of them being noticeably lower than the corresponding Gf value. These results indicate that the eŠects of sample disturbance mask an important feature that E0 ＝E f and G0＝Gf. That is, the Ef and Gf values represent the same elastic stiŠness of the concerned material in thê eld and, therefore, these values could be used as the benchmark when evaluating the ground deformation, including that of cement-mixed soil, when subjected to static and dynamic loads, while taking into account nonlinearity, as shown in Fig. 21 . Figure 35 summarises the E0-qpeak relations from CU and CD TC tests on cement-mixed soil (mostly core samples from the construction sites) performed in this project. The following trends may be seen from thiŝ gure. Firstly, the strength of the core samples at tc＝ about 2.5 years retrieved from the soft clay deposits improved by the ordinary type DMM at Kawasaki island exhibited the highest peak strength and elastic modulus. These values of the core samples at tc＝1-3 months retrieved from theˆlls of slurry type cement-mixed sand of Kawasaki man-made island are much smaller. This result is consistent with a recentˆnding that, with cement-mixed soil, the compressive strength increases by a factor of about two when the curing period tc increases from one to three years (Barbosa-Cruz and Tatsuoka, 1999) and a factor of about three when tc increases from 28 days, at which the design strength is usually speciˆed, to 10 years (Kongsukprasert et al., 2007) . Therefore, it is likely that the cement-mixed soil today is much stronger than the design value. Secondly, the peak strength and elastic modulus of the soft clay layer AC1 improved by the low strength-type DMM at Ukishima Access are lowest. This is due partly to the fact that the eŠects of sample disturbance is larger with less cemented materials while the sample disturbance eŠects are generally larger on E0 than on qpeak . On the other hand, the ratio of E 0 /q peak ratio of the soft clay deposits improved by the ordinary type DMM cured for about 2.5 years at Kawasaki island is lower than the value of theˆlls of slurry type cement-mixed sand cured for 1-3 months at Kawasaki man-made island. This trend is due mainly to diŠerences in the curing time, as the ratio of E 0 /q peak decreases with curing time (Barbosa-Cruz and Tatsuoka, 1999, 2000; Kongsukprasert et al., 2007) . This trend can also be seen from the data of concrete and cement-mixed sand plotted in Fig. 36 . Thirdly, the ratio E0/qpeak generally ranges from 600 to 1,500. This range is consistent with the values of the other types of artiˆcially produced materials, concrete and steel (Fig. 36) . Except for the data at short curing periods and those noticeably disturbed samples, the ratio E0/qpeak is rather consistent, at about 1,000, for the diŠerent types of cement-mixed soil employed in this project (cf., Figs. 11, 18, 29 and 30). Therefore, the approximate value of qpeak was inferred from a given value of Ef based on this ratio (cf., Figs. 25, 27 and 31). Lastly, the strength and stiŠness of cementmixed soils used in this project are of a similar order of magnitude as those of natural sedimentary soft rocks (Fig. 36) , as discussed more in detail below. Figure 37 (a) summarises the E0-qpeak relations from CD and CU TC tests on cement-mixed soil specimens prepared in the laboratory and core samples from theˆeld, including those from this project. Figure 37(b) shows similar data of core samples of sedimentary soft rocks having geological ages of about 1.5 million years or more Tatsuoka et al., , 1999 Tatsuoka et al., , 2000 Tatsuoka et al., , 2002 . These sedimentary soft rocks are very stable and were used as the foundation ground of heavy permanent structures allowing very limited displacements. They include the Akashi Strait Bridge, a suspension bridge with the world's longest center span (Kawaguchi and Tatsuoka, 2010). The fact that the ranges of the qpeak and E0 values of cement-treated soils and sedimentary rocks are comparable was one of the factors contributing to the conˆdence to use cement-mixed soil in this project. It should be noted that the strength and stiŠness of cementtreated soils can be made higher if needed. As aˆnal remark, the ratio E0/qpeak for the cement-treated soils is generally slightly higher than that for sedimentary soft rocks (Figs. 36 and 37 ).
StiŠness-Strength Relation
Comparison with Sedimentary Soft Rock
SUMMARY AND CONCLUSIONS
The following lessons were obtained from the TTB highway project:
1) The use of four types of ground improvement technologies by cement-mixing played essential roles to solve many potential technical problems. 2) To evaluate the safety factor for the ultimate failure of large scale submerged cement-mixed soil masses, a limit equilibrium-based stability analysis was performed using the residual shear strength determined by taking the eŠects of the initial eŠective conˆning pressure, the hydrostatic pressure and the drainage conditions into account. The allowable stress method based on the largely reduced unconˆned compression strength was considered to be unrealistic for this project. 3) Large submerged embankments were constructed using slurry type cement-treated sand controlling the strength and density. The processes of selecting the proper mixing proportion and also of developing the most suitable underwater placement method using Tremmie pipes were important. 4) A large submerged embankment of su‹cient strength was constructed for a relatively short period by dumping dry type cement-treated sand underwater. The processes of selectiing the proper mixing proportion and also of developing the special double-tube chute were important. 5) The conventional deep mixing method was modiˆed to improve existing soft clay deposits. To ensure smooth tunneling works, the amount of cement was reduced while the water/cement ratio for homogeneous cement-mixing was increased. 6) Reliable design parameters were obtained by triaxial tests. In particular, the elastic Young's modulus at very small strains E 0 from the triaxial tests locally measuring axial strains is essentially the same as the values fromˆeld shear wave velocities. Based on the above, the quality control of cement-mixed soil masses was performed by measuring shear wave velocities in theˆeld as well as unconˆned and triaxial compression strengths core sample.
